• First therapeutic application that targets Robo4 on the tumor blood vasculature • High-throughput screening system to isolate cellinternalizing monoclonal antibodies useful to develop effective antibody-drug conjugates
Introduction
Antibody drug conjugates (ADCs), ie, monoclonal antibodies (mAbs) labeled with certain anticancer agents, are currently the focus of antibody-based drug discovery. ADCs have mAb-derived specificity and allow for targeted delivery of cytotoxic drugs to a tumor, which is expected to significantly enhance the antitumor activity of mAbs. 1 Trastuzumab ematansine (T-DM1) 2 for human epidermal growth factor receptor 2 (Her-2)-positive breast cancer and brentuximab vedotin (SGN-35) 3 for relapsed or refractory CD30-positive lymphoproliferative disorders are now in phase 3 clinical trials as effective ADCs. 4 ADCs will have an important role in overcoming some types of refractory cancers and will contribute to the field of tumor vascular targeting. 5 An essential property of ADCs is that the mAb should be efficiently internalized into the cell where the cytotoxic effects of anticancer drugs occur. 1 The isolation of mAbs with high cellinternalizing activity (cell-internalizing mAbs) is a limiting factor in the development of ADCs. The discovery of potent cellinternalizing mAbs, however, requires labor-intensive screening of a massive number of candidates, and therefore the development of phage display-based methods to identify these candidates is highly desirable. 6, 7 In the phage display-based method, a phage antibody library is added to the desired cells and then phages bound to the cell surface are removed. Only internalized phages are rescued from the intracellular compartment. Even with this method, however, the internalizing activities of individual antibody candidates must be assessed, because the concentrated phage pool comprises a "polyclonal" population. To address this issue, we used high-throughput screening methods to estimate "monoclonal" cell-internalization activities using a protein synthesis inhibitory factor (PSIF), 8 which provided a breakthrough in reducing the time-consuming screening of the cell-internalizing activity.
PSIF is a fragment of a bacterial exotoxin derived from Pseudomonas aeruginosa.
9 PSIF lacks its cell binding domain, and its cytotoxic portion is used in a recombinant immunotoxin. 10 Upon entry into the cell, PSIF has strong cytotoxicity by inducing ADP-ribosylation of elongation factor-2, which is essential for protein synthesis. 11 Our group previously accelerated the identification of cell-internalizing novel protein transduction domains (PTDs) by expressing PTD-PSIF fusion proteins in the supernatant of Escherichia coli. 8 Using this system, we successfully discovered superior HIV-Tat PTD mutants by simultaneously estimating the cell-internalizing activities of several hundred monoclonal PTD-PSIF fusions. 8 Therefore, we expect this method to contribute to the identification of mAbs with high cell-internalizing activity (cell-internalizing mAbs) by expressing single-chain antibody Fv (scFv)-PSIF fusion proteins to estimate the cell-internalizing activities of a very large number of antibodies.
Roundabout homolog 4 (Robo4) is a potential tumor angiogenesis marker. 12 Robo4 expression is restricted to areas of in vivo angiogenesis 13, 14 and the subpopulation of hematopoietic stem cells localized in the bone marrow. 15 At angiogenic sites, Robo4 is present in the endothelial lining of blood vessels in the developing embryo, 16 placenta, 14 and tumors. 17 We previously confirmed the endothelial cell-specific expression of Robo4 using transgenic mouse lines. 18, 19 Robo4 acts as a receptor that modulates vascular endothelial growth factor A (VEGF)-VEGF receptor (VEGFR) signaling. [20] [21] [22] [23] Therefore, Robo4 is a potential marker for tumor vascular targeting because angiogenesis is only activated in tumors in the adult, 24 with the exception of some pathological states. 25, 26 Another potential tumor angiogenesis marker is VEGFR2, a well-established tumor endothelial marker. 27 The VEGF-VEGFR2 signaling pathway plays a crucial role in angiogenesis, and anti-VEGF mAbs and small molecule inhibitors against VEGFR are approved for various types of cancers. 28 Anti-VEGFR2 mAbs are also used for tumor vascular targeting. 29 Although VEGFR2 is strongly expressed in active angiogenic sites, its expression is also observed in normal tissues. 30 Hypertension and proteinuria are common side effects of anti-VEGF therapy because VEGF-VEGFR signaling is also inhibited in normal tissue, including the kidney, heart, and resistance vessels. [31] [32] [33] Here we applied the PSIF system to search for novel cellinternalizing mAbs from an immune phage antibody library. Application of this method to Robo4 and VEGFR2 led to the successful discovery of anti-Robo4 and anti-VEGFR2 cellinternalizing mAbs, as well as mAbs with low cell-internalizing activity (low-internalizing mAbs) to be used as controls. Comparing mAbs with different cell-internalizing activities revealed that higher cell-internalizing activity enhanced the tumor targeting potency of mAbs. Furthermore, comparative studies with anti-Robo4 and anti-VEGFR2 cell-internalizing mAbs in vivo indicated that Robo4 was superior to VEGFR2 in terms of the therapeutic window. This is the first report demonstrating the benefits of cell-internalizing mAbs in tumor vascular targeting. Further, these findings demonstrate the potential of Robo4 as a target for further development of novel ADCs against tumor blood vasculature.
Materials and methods

Cell culture
MS1 immortalized murine endothelial cells were cultured in Dulbecco's Modified Eagle Medium containing 5% fetal bovine serum 1% antibioticantimycotic mixed solution. B16BL6 murine melanoma cells were cultured in minimum essential medium containing 10% fetal bovine serum and 1% antibiotic-antimycotic mixed solution at 37°C. These cells were maintained at 37°C under a humidified 5% CO 2 atmosphere.
B16BL6 tumor-bearing mice
B16BL6 cells (1 3 10 6 cells/100 mL) were inoculated intracutaneously into 6-week-old female C57BL6 mice (Japan SLC Inc., Shizuoka, Japan) (day 0). Biodistribution was analyzed on the day that the tumor width reached 10 mm. The therapy experiment was started on day 3. As a validation of the model, we confirmed the expressions of VEGFR2 and Robo4 on the tumor endothelium, based on the immunofluorescence against B16BL6 tumor sections.
Antigens
Human VEGFR2 (hVEGFR2) and mouse VEGFR2 (mVEGFR2) were commercial recombinant proteins (Merck Chemicals, Inc., Darmstadt, Germany, or R&D Systems, Inc., Minneapolis, MN). Human Robo4 (hRobo4) and mouse Robo4 (mRobo4) were produced as described previously. 34 
Immune phage antibody libraries
Phage antibody libraries were constructed from the spleen and bone marrow cells of immunized mice as previously described. 35, 36 Our phage antibody library comprised single-chain Fv fragment (scFv) fused with pIII phage coat protein. Four rounds of affinity panning were performed against hVEGFR2 and mVEGFR2 for the anti-VEGFR2 immune library, and against hRobo4 and mRobo4 for the anti-Robo4 immune library. Anti-FLAG panning was followed by each panning to concentrate the scFvdisplaying phages, as described previously. 36 ELISA and cytotoxicity assay using TG1 supernatant Plasmids were extracted from TG1 cells after the fourth panning against mVEGFR2 or mRobo4. These "enriched" scFv gene libraries were cloned into a PSIF-fusion expression vector derived from pCANTAB5E. 8 Monoclonal scFv-PSIF protein was induced in the TG1 supernatant, as previously described.
8 mVEGFR2 or mRobo4 was immobilized on an immunoassay plate and blocked with 4% skim milk in phosphate-buffered saline (PBS) (4% MPBS) at 37°C for 2 hours. TG1 supernatant containing 2% MPBS was reacted with antigens at room temperature for 1 hour. Bound scFv-PSIFs were detected by anti-FLAG-horseradish peroxidase (M2, Sigma-Aldrich Corporation, St. Louis, MO). For the cytotoxicity assay, MS1 cells were seeded on a 96-well plate at 1.0 3 10 4 cells/well. After incubation at 37°C for 24 hours, TG1 supernatant was diluted in MS1 culture medium, and then added to the MS1 cells. After incubation at 37°C for 24 hours, cell viability was assessed using a WST-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). The viability of nontreated MS1 and completely killed MS1 with 1 mM cycloheximide were defined as 100% and 0%, respectively.
Expression and purification of scFv, dscFv, and scFv-PSIF recombinant protein
The isolated scFv gene with 15 amino acids linker (VL-GGGGSGGG GSGGGGS-VH) was cloned into modified pET15b vector, resulting in the scFv fused by FLAG-tag and His36 tag at the C-terminus. A scFv gene with a 5-amino acid linker (VL-GGGGS-VH) was also cloned into modified pET15b, resulting in a noncovalent scFv dimer (dscFv) fused by FLAG-tag and His36 tag at the C-terminus. An anti-His scFv gene was also cloned but only a FLAG-tag was fused at the C-terminus. A scFv gene with a 15-amino acid linker was cloned into pYas-PSIF vectors. 37 ScFvs, dscFvs, and scFv-PSIFs were purified from inclusion bodies in E coli according to the previously described methods. 37 The binding affinity of each recombinant protein was assessed by surface plasmon resonance using BIAcore3000 (GE Healthcare UK Ltd., Chalfont, United Kingdom).
Expression and purification of IgG recombinant protein
IgG recombinant proteins were expressed using an OptiCHO antibody expression kit (Invitrogen Corporation, Carlsbad, CA) according to the manufacturer's instructions. IgGs were purified from cell culture supernatant with protein G column (GE Healthcare). Eluted fractions were further purified with Superdex 200 column (GE Healthcare). Anti-FLAG [IgG] (anti-FLAG M2 antibody) was purchased from Sigma-Aldrich.
Preparation of IgG-NCS
NCS was kindly provided by Kayaku Co, Ltd., Tokyo, Japan. NCS was thiolated by incubating it with 10 molar excess 2-iminothiolane (Thermo Fisher Scientific Inc., Waltham, MA) for 1 hour at room temperature. IgG recombinant proteins were reacted with 10 molar excess of SPDP BLOOD, 4 APRIL 2013 x VOLUME 121, NUMBER 14
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For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From crosslinker (N-succinimidyl 3-[2-pyridyldithio]-propionate; Thermo Fisher) for 30 minutes on ice. SPDP-modified IgGs and thiolated NCS were separately purified using NICK columns (GE Healthcare). They were then mixed for 8 hours at room temperature. IgG-NCS were purified with a Superdex 200 column. Modification efficiency was quantified after sodium-dodecyl sulfate-polyacrylamide gel electrophoresis using a Gel DOC EZ system and Image laboratory software (Bio-Rad Laboratories, Inc., Hercules, CA).
Labeling of purified mAbs
For fluorescent labeling, mAbs were labeled using Cy5.5-NHS (GE Healthcare). For 125 I labeling, 100 mg mAbs in 0.4 M phosphate buffer were labeled with 0.2 mCi Na 125 I (PerkinElmer, Inc., Waltham, MA) based on the chloramine-T method. 38 For biotin labeling, mAbs were biotinylated using EZ-Link Sulfo-NHS-Biotin (Thermo Fisher). Each mAb was purified using a NICK desalting column (GE Healthcare).
Flow cytometry
Cy5.5-labeled mAb (mAb Cy5.5 ; 4 mM) was incubated with 5.0 3 10 5 cells of MS1 cells in 6-well plates for 2 hours at 4°C. After washing three times, the cells were incubated for an additional 0.5 to 8 hours at 37°C. At each time point, cells were collected in 2-mM ethylenediaminetetraacedtic acid/ PBS. Bound mAbs were digested using 0.1% trypsin/PBS at 37°C for 20 minutes (trypsinized group) or PBS (nontrypsinized group). Cellular fluorescence was measured by Gallios flow cytometer (Beckman Coulter, Inc., Miami, FL). The ratio of internalization was calculated using the following formula: internalization (%) 5 {internalized mAb In vivo biodistribution dscFvs 125I (0.2 nmol) was intravenously injected into B16BL6 tumorbearing mice. At 2 hours and 24 hours after injection, the radioactivity of each organ was counted using the Wizard 2480 g-ray counter (PerkinElmer). %ID/g tissue was calculated using following formula: %ID/g tissue 5 (count/g tissue)/(total injected count) 3 100 (%). Two individual experiments were combined for the final data (total 11 mice/group).
Immunofluorescence of the tissue sections
B16BL6 tumor-bearing mice were administered 2 nmol of dscFvs Bio . At 2 hours after the injection, the tumors, kidneys, and hearts were embedded in optimal cutting temperature compound (Sakura Finetek, Inc., Torrance, CA) and frozen in liquid nitrogen. Thin sections (7 mm) were prepared using a Cryostat CM1850 (Leica Microsystems GmbH, Wetzlar, Germany) and fixed in 4% paraformaldehyde. DscFvs Bio in the sections were stained with streptavidin phycoerythrin conjugate (eBioscience Inc., San Diego, CA) in Dako REAL Antibody Diluent (DAKO Corporation, Carpinteria, CA). CD311 vascular endothelial cells were stained with rat anti-CD31 antibody (MEC13.3; Becton Dickinson and Company, Franklin Lakes, NJ) in Dako REAL Antibody Diluent and Alexa488 conjugated anti-rat IgG (A11006; Invitrogen). The samples were embedded with Prolong Gold antifade reagent with 49,6-diamidino-2-phenylindole (Invitrogen) and observed with a fluorescence microscope FSX100 (Olympus Corporation, Tokyo, Japan).
In vivo therapy experiments
Activities of scFv-PSIFs and IgG-NCSes were confirmed by WST-8 assay as described before. B16BL6 cells were inoculated intracutaneously into C57BL6 mice (Japan SLC) on day 0. Mice were intravenously injected with 15 pmol scFv-PSIFs and 10 pmol IgG-NCSs on days 3, 5, 7, 9, and 11 (7 mice/group). The volume of the tumor was calculated according to the following formula: tumor volume (mm 3 ) 5 {major axis of tumor (mm)} 3 {minor axis of tumor (mm)} 2 3 0.4.
Results
High-throughput screening for cell-internalizing mAbs
To identify cell-internalizing mAbs, we applied the phage immune scFv library to high-throughput screening of cell-internalizing molecules based on the PSIF system 8 ( Figure 1 ). Our anti-Robo4 or anti-VEGFR2 phage library comprised approximately 3.0 3 10 8 or 5.0 3 10 8 independent scFvs, which was validated by sequence analysis. To assess the qualities of the libraries, affinity panning was performed against each antigen. During the panning, output phages were increased, suggesting that the desired scFvs were enriched in the library (supplemental Figure 1A -B,E-F). After the fourth panning, .40% of monoclonal scFvs showed specific binding in enzyme-linked immunosorbent assay (ELISA) (supplemental Figure 1C 
To validate the efficacy of cell-internalizing mAbs in a mouse model, we selected libraries enriched against murine antigens (mRobo4 and mVEGFR2) and chose MS1 murine endothelial cells for the screening of cell-internalizing mAbs because we confirmed the expressions of both mRobo4 and mVEGFR2 in MS1 cells using reverse transcriptase-polymerase chain reactioin. For the screening, scFv genes obtained after the fourth round of panning were cloned into the PSIF expression vector. Monoclonal scFvPSIFs were expressed in TG1 supernatants (315 clones per library). For anti-Robo4s, 178 of 315 clones bound to mRobo4 in ELISA and 20 of these 178 binders were cytotoxic against MS1 cells The phage antibody library was "enriched" by affinity panning against the desired antigens. Plasmids encoding scFvs were collected from TG1 E coli strains infected by "enriched" phage libraries. Genes of scFvs were digested out and ligated into a PSIF fusion protein expression vector. These plasmids were then transformed to TG1, and then single colonies were picked up. From these individual colonies, monoclonal scFv-PSIF fusions were induced in TG1 supernatants. Using these fusion proteins, binding affinities and internalizing activities of several hundreds of scFv-PSIFs were easily estimated by ELISA and cytotoxicity assays, respectively. Finally, genes of positive scFvs were collected from TG1, and cell-internalizing scFvs were identified by sequencing. In this report, we used anti-Robo4 and anti-VEGFR2 immune phage scFv libraries as the phage antibody libraries, and mRobo4 and mVEGFR2 as the desired antigens.
( Figure 2A) . In a similar manner, for anti-VEGFR2s, 156 of 315 clones bound to VEGFR2 and 17 of the 156 binders were positive in the ELISA and cytotoxicity assays ( Figure 2B ). Sequence analysis to omit redundant clones revealed that these clones comprised 1 anti-Robo4 cell-internalizing mAb, 2 anti-Robo4 lowinternalizing mAbs, 2 anti-VEGFR2 cell-internalizing mAbs, and 14 anti-VEGFR2 low-internalizing mAbs. For anti-Robo4s, only one anti-Robo4 cell-internalizing mAb was named "R4-13i" and a low-internalizing mAb with high affinity and low cytotoxicity was named "R4-16." In a similar manner, "V2-05i" and "V2-02" were selected as an anti-VEGFR2 cell-internalizing mAb and a low-internalizing mAb, respectively. After purification of the recombinant proteins, both anti-Robo4 scFvs bound to hRobo4, similar to mRobo4. Conversely, anti-VEGFR2 scFvs bound to and WST-8 assay (cytotoxicity 5 30%;0%) were mapped in grayscale densities. The 24 candidates against Robo4 and 17 candidates against VEGFR2 are indicated by the underline (ELISA OD $0.2 and cytotoxicity $20%). After omitting redundant clones by sequencing, 1 cell-internalizing mAb and 2 low-internalizing mAbs against mRobo4, and 2 cell-internalizing mAbs and 14 low-internalizing mAbs against mVEGFR2 were identified.
, but not to hVEGFR2. We also confirmed using competitive ELISA that the mAbs did not share their antigenbinding epitopes (supplemental Figure 2) .
Characterization of mAbs
We purified scFvs, dimerized scFvs (dscFvs), IgGs, and scFv-PSIF as recombinant proteins. IgGs conjugated with neocarzinostatin (IgG-NCSes) were also prepared for in vivo experiments. NCSes were confirmed to be conjugated to IgG molecules in the purified IgG-NCS fraction, and the efficiencies of the NCS modifications were similar in all IgG-NCSes (1.6;1.8 NCSes per single IgG). Surface plasmon resonance analysis revealed that cell-internalizing mAbs and low-internalizing mAbs had similar affinities against antigens in all antibody forms (Table 1) .
To quantify the internalization, flow cytometry analysis was performed with Cy5.5-labeled mAbs (scFv Cy5.5 , dscFv Cy5.5 , and IgG Cy5.5 ; Figure 3A ,C). After mAbs Cy5.5 bound to the cell surface, internalization was induced by incubation at 37°C for 2 hours. By removing cell-surface mAbs Cy5.5 with trypsinization, the internalized mAbs Cy5.5 were quantified by flow cytometry. At 2 hours, approximately 30% of cell-internalizing mAbs remained after trypsinization, whereas most of the low-internalizing mAbs were degraded ( Figure 3A,C) . This result clearly suggested that the internalization efficiencies differed between cell-internalizing mAbs and low-internalizing mAbs, even among the three different mAb forms. In a similar manner, a time-shift analysis revealed that .40% of cell-internalizing mAbs were internalized after 8 hours of incubation ( Figure 3B,D) . These findings indicate that only cell-internalizing mAbs were efficiently internalized into the cells, although low-internalizing mAbs had affinities similar to those of cell-internalizing mAbs (Table 1) .
Intracellular localization
The intracellular behaviors of cell-internalizing mAbs were analyzed with a confocal laser-scanning microscope. In MS1 cells, intracellular fluorescence derived from scFv Cy5.5 was observed with cell-internalizing scFvs, but not with low-internalizing scFvs (supplemental Figure 3A,D,E,H) . Fluorescence was suppressed, however, under the inhibition of energy-dependent endocytosis (supplemental Figure 3B-C,F-G) . These results suggested that cellinternalizing scFvs entered into the cells via energy-dependent endocytosis.
For in-depth analysis of the intracellular behavior, confocal laser-scanning microscope analysis was performed with immunostaining of endosome markers (supplemental Figure 3Iab) . After scFvs Cy5.5 were bound to the cell-surface, the cells were incubated for an additional 1 to 8 hours at 37°C. The early endosome marker, early endosome antigen 1 (EEA1), and the late endosome marker, lysosomal-associated membrane protein 1 (LAMP1), were visualized using Alexa488-conjugated antibodies. Colocalization with EEA11 early endosomes decreased over time (supplemental Figure 3I -M,S-W), whereas colocalization with LAMP11 late endosomes increased (supplemental Figure 3N -R,Xab). These findings suggested that cell-internalizing scFvs were encapsulated in EEA11 early endosomes at an early stage and eventually accumulated in LAMP11 late endosomes. This is thought to be a typical endocytotic molecular sorting pathway. 39 
Influence of cell-internalizing activity on biodistribution
To assess the biodistribution of cell-internalizing mAbs, 125 I-labeled dscFvs (dscFv 125I ) were intravenously injected into B16BL6 tumorbearing mice. In this experiment, we selected the dscFv form because dscFv has superior in vivo tumor-targeting potency compared with scFv. 40 At 2 hours, the tumor distribution of anti-Robo4 and anti-VEGFR2 dscFvs 125I was similar to but significantly higher than that of a negative control dscFv 125I (anti-His[dscFv] 125I ; Figure 4A -B). This finding suggested that the anti-Robo4 and anti-VEGFR2 dscFvs had tumor-targeting properties. Anti-Robo4 dscFvs 125I also accumulated in the kidney, indicating a nonspecific distribution of dscFvs for their elimination, 41, 42 because no significant difference was observed between anti-Robo4 dscFvs 125I Figure 4A) . Importantly, the accumulation of anti-VEGFR2 dscFvs 125I in the kidney was significantly greater than that of anti-His [dscFv] 125I ( Figure 4B) . A similar accumulation of anti-VEGFR2 dscFvs 125I , but not anti-Robo4 dscFvs 125I ( Figure 4A ), was observed in the heart ( Figure 4B ).
To confirm this phenomenon, the localization of dscFvs in the tissues was analyzed by immunofluorescence studies (Figure 4E-S) . Biotin-labeled dscFvs (dscFvs Bio ) were intravenously administered to B16BL6 tumor-bearing mice and the tumors, kidneys, and hearts were extracted 2 hours after injection. The dscFv Bio and vascular endothelial cells were stained by streptavidin-AP and anti-CD31 antibody, respectively. In the tumor sections, all of the antiRobo4 and anti-VEGFR2 dscFvs Bio were clearly detected with CD311 tumor blood vasculature, whereas anti-His[dscFv]
Bio was not detectable ( Figure 4E,H,K,N,Q) . This finding suggested that both anti-Robo4 and anti-VEGFR2 dscFvs recognized tumor endothelial cells in vivo, which contributed to their accumulation in the tumor. Interestingly, in the kidney and heart sections, signals around CD311 blood vasculature were detectable only with the anti-VEGFR2 dscFvs Bio , and not with anti-Robo4 dscFvs Bio or anti-His [dscFv] Bio ( Figure 4F -G,I-J,L-M,O-P,R-S). This finding was compatible with the biodistribution results ( Figure 4A-B) , which suggested that anti-VEGFR2 dscFvs recognized VEGFR2 on normal blood vessels because VEGFR2 plays an important role in normal tissues, including the kidney and heart. [31] [32] [33] No specific accumulation of anti-Robo4 dscFvs was observed in normal tissues, suggesting that the anti-Robo4 mAbs were useful for specific tumor vascular targeting.
Comparison of the cell-internalizing mAbs and low-internalizing mAbs revealed a significantly greater accumulation of cellinternalizing dscFvs 125I in the tumors compared with lowinternalizing dscFvs 125I at 24 hours ( Figure 4C-D) , whereas no differences were observed at 2 hours ( Figure 4A-B) . This finding suggested that cell-internalizing mAbs were retained in the tumor for a longer time than the low-internalizing mAbs. This phenomenon was also observed in the kidney and heart with the anti-VEGFR2 dscFvs ( Figure 4D ). This retention might be caused by the mAb internalization, which allowed the mAb to escape from the bloodstream and accumulate in the tumor blood endothelial cells. Taken together, these results suggest that mAb internalization into the tumor endothelium improves mAb-based drug-delivery in vivo.
Enhanced antitumor effect depends on the cell-internalizing activity
To assess the antitumor potencies of the cell-internalizing mAbs, we selected the scFv-PSIF and IgG-NCS forms. Both forms were suitable models of ADCs because both drugs are used clinically as successful anticancer medicines. 10, 43 First, the in vitro cell-killing activities of scFv-PSIFs and IgG-NCSes were estimated by a cytotoxicity assay with MS1 cells (Figure 5A-D) . Both forms of cell-internalizing mAbs showed an approximately 10-fold higher cytotoxicity than the low-internalizing mAbs. These findings clearly suggest that internalization enhanced the delivery of conjugated drugs into the cells because our cell-internalizing mAbs and lowinternalizing mAbs had similar affinities against antigens ( Table 1) .
As the therapy experiment in vivo, scFv-PSIFs and IgG-NCSes were intravenously injected into B16BL6 tumor-bearing mice once every 2 days for a total of 5 injections (Figure 5E-H) . All cellinternalizing mAbs significantly suppressed tumor growth, whereas the antitumor effects of the low-internalizing antibodies were For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From similar to those of the negative controls (anti-His[scFv]-PSIF and anti-FLAG[IgG]-NCS). The antitumor effects of R4-13i and V2-05i were similar in both ADC forms. These findings strongly suggest that the cell-internalizing activity of the mAbs was essential to maximize the delivery of the conjugated drug into the target cells, which significantly enhanced the antitumor effect of the ADCs.
Interestingly, the group of mice administered V2-05i[scFv]-PSIF had a significant loss of body weight, whereas the other groups did not ( Figure 5I-L) . As a preliminary result, 6 of 7 mice died in the V2-05i[scFv]-PSIF group with a similar protocol but with a fourfold higher dosage (60 pmol/mouse), perhaps because of the disruption of VEGFR2-positive cells in normal tissues by V2-05i[scFv]-PSIF, as shown in Figure 4 . This side effect was not observed in the V2-05i
[IgG]-NCS group. Therefore, we also hypothesized that the toxicity of NCS in normal cells was weak because NCS inhibits DNA synthesis in growing cells, such as tumor cells. 44 At a higher dosage, however, V2-05i[IgG]-NCS carries the risk of side effects. With regard to this point, none of the anti-Robo4 ADCs induced a loss of body weight; therefore, we concluded that Robo4 is a potential target for tumor vascular targeting with ADC.
Discussion
This study led to three novel findings. First, we demonstrated a rapid screening system for cell-internalizing mAbs in combination with the phage antibody library, which accelerated the identification of desired cell-internalizing mAbs. Second, comparative in vivo studies using cell-internalizing mAbs and low-internalizing mAbs with the same affinity values revealed that mAb internalization contributed to tumor targeting and enhanced the antitumor effects of the ADCs. Third, the first in vivo therapeutic application with anti-Robo4 mAb revealed that Robo4 is a therapeutic target on the tumor endothelial cells. The first and second findings will greatly contribute to the development of antibody therapies based on cell-internalizing antibodies such as ADCs, targeted liposomal drugs, or imaging. The third finding provides a new focus regarding the role of Robo4 biology in the body, such as the decreased side effects associated with depleting Robo4-positive endothelial cells in vivo.
This method allowed us to successfully isolate anti-Robo4 and anti-VEGFR2 cell-internalizing mAbs in combination with a phage antibody library and a PSIF-based screening system. This method provided one-step screening of cell-internalization of hundreds of "monoclonal" candidates. This is the main advantage of the present system over the old screening system, which required handling a "polyclonal" pool of mAbs. 6, 7 The innovative feature of our method is the use of PSIF as a fusion partner for antibodies in scFv format, thus facilitating the identification of antibody fragments capable of efficient internalization. The scFv fusion is much easier than the chemical conjugation of the antibody to a cytotoxic drug. In principle, this method can be applied to other phage libraries, such as nonimmune phage antibody libraries 35, 45 or synthetic . Values are shown as means 6 SEM. *P , .05; **P , 0.01; NS, not significant in Student's t-test (n 5 11). (E-S) Co-immunostaining of dscFvs with CD31
1 blood endothelial cells on the tissue section. B16BL6 tumor-bearing mice were intravenously administered dscFvs Bio . The tumor, kidney, and heart were extracted after 2 hours. Tissue sections of tumor, kidney, and heart were stained with streptavidin-PE conjugate. The blood vasculature was also stained with anti-CD31 antibody. Images were digitally merged. Red, dscFv human phage antibody libraries, 46, 47 which have already been developed. This system can expand the versatility of phage display systems, which will thus contribute to the development of other cell-internalizing antibodies against various types of antigens for effective cancer therapy.
A comparison of cell-internalizing mAbs with low-internalizing mAbs revealed the strength of the cell-internalizing mAbs in terms of the biodistribution and therapeutic effects. Until now, how internalization contributes to the biodistribution of mAbs has been unclear. In this report, we could use a comparative study to clarify this question because we produced both cell-internalizing mAbs and low-internalizing mAbs with similar binding affinities. As a result, more cell-internalizing mAbs than low-internalizing mAbs were significantly accumulated in the tumor. This is the first evidence to support that mAbs with high internalization activity have greater tumor-targeting potency. This information is also useful for other applications that benefit from cell-internalizing mAbs, such as liposomal drugs, bioactive proteins/peptides, and viral vectors. 48, 49 Until now, the usefulness of Robo4-targeted therapy has not been established. Therapy to target VEGF-VEGFR signaling is already common, but the risk of side effects must be addressed. [31] [32] [33] Although VEGFR expression is upregulated on tumor vessels, it is also observed on the endothelium in healthy tissues. Previous reports also mentioned the toxicity associated with the anti-VEGFR therapies in mouse models 50 and the clinical trial. 51 Therefore, alternative therapies that target tumor angiogenesis are desired. In the present study, we revealed the possibility that antiRobo4 ADCs were safer than anti-VEGFR2 ADCs, although they had similar antitumor effects. The findings from immunofluorescence and biodistribution studies also support the notion that anti-Robo4 mAbs could accumulate in the tumor without distributing to normal tissues. This is the first finding of Robo4-targeted therapy and suggests that Robo4 is a potential alternative target for tumor vascular targeting. Of course, additional experiments are needed to establish anti-Robo4 as a novel tool in tumor vascular targeting. For example, the pathological observations of normal blood vessels, in-depth toxicological analysis, For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From
